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The enzyme acetylcholinesterase (AChE) terminates synaptic transmission at cholinergic synapses by hydrolyzing the neurotransmitter
acetylcholine. In addition, AChE is thought to play several ‘non-classical’ roles that do not require catalytic function. Most prominent among
these is facilitation of neurite growth. Here, we report that the zebrafish zieharmonika (zim) locus encodes AChE. We show that one mutant
zim allele is caused by a pre-mature stop codon, resulting in a truncated protein that lacks both the catalytic site and the carboxy-terminal
neuritogenic domain. To explore the ‘non-classical’ role of AChE, we examined embryos mutant for this allele. In contrast to previous results
using a catalytic-inactive allele, our analysis demonstrates that AChE is dispensable for muscle fiber development and Rohon-Beard sensory
neuron growth and survival. Moreover, we show that in the absence of AChE, acetylcholine receptor clusters at neuromuscular junctions
initially assemble, but that these clusters are not maintained. Taken together, our results demonstrate that AChE is dispensable for its
proposed non-classical roles in muscle fiber formation and sensory neuron development, but is crucial for regulating the stability of
neuromuscular synapses.
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The enzyme acetylcholinesterase (AChE) plays an es-
sential role in acetylcholine-mediated neurotransmission. It
is concentrated at cholinergic synapses throughout the
central nervous system and at neuromuscular synapses
where it rapidly hydrolyzes acetylcholine. It is this activity,
rather than re-uptake by transporters as with other neuro-
transmitter systems, that terminates cholinergic neurotrans-
mission (Massoulie et al., 1993). The importance of AChE
in mammals is illustrated by the effect of abrupt blockade
of AChE catalytic activity, such as by exposure to the
nerve gas sarin. Within minutes, inhibition of AChE leads
to excess acetylcholine at neuromuscular synapses, contin-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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ceptor inactivation, respiratory and/or cardiac disfunction
and death (Karalliedde, 1999). Therapeutically, controlled
application of AChE inhibitors is used to increase synaptic
levels of acetylcholine in diseases that impair acetylcholine
neurotransmission, such as Alzheimer’s disease and myas-
thenia gravis (Ballard, 2002; Engel et al., 2003).
AChE has also been proposed to play multiple roles in
embryogenesis (Massoulie et al., 1993; Soreq and Seidman,
2001). AChE is expressed early in development, before
synapse formation, and in a variety of tissues, including
non-neuronal cells (Hanneman and Westerfield, 1989; Lay-
er, 1990). Since AChE is expressed before synaptogenesis
and in non-cholinergic cells, it is thought that AChE may
have ‘non-classical’ functions that can be independent from
its role in hydrolyzing acetylcholine. In support of this idea,
AChE has structural similarities with proteins that mediate
cell adhesion, and several in vitro studies demonstrate that
AChE can facilitate neurite growth (Grisaru et al., 1999).
Moreover, this neuritogenic capability is found only in the
brain and muscle isoforms of AChE and has been mapped to
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well conserved among vertebrates (Massoulie et al., 1993;
Sternfeld et al., 1998). Forms of AChE that hydrolyze
acetylcholine but lacked the carboxy-terminal neuritogenic
domain failed to enhance neurite growth, demonstrating the
independence of the catalytic and neuritogenic activity from
each other (Sternfeld et al., 1998).
In mammals, gene inactivation studies of AChE have
been complicated by the presence of a sister enzyme that
can hydrolyze acetylcholine, butyrylcholinesterase (BChE).
BChE is transcribed from a distinct gene and it is structur-
ally similar to AChE, although its function is not understood
(Massoulie et al., 1993). It is expressed in many of the same
tissues, albeit at much lower levels, and it likely compen-
sates for AChE deficiencies. Correspondingly, mice lacking
AChE exhibit relatively subtle defects and can reach matu-
rity, but are highly sensitive to BChE inhibitors (Duysen et
al., 2002; Xie et al., 2000).
Zebrafish provide an excellent system to investigate the in
vivo roles of AChE during embryogenesis. Zebrafish contain
a single AChE gene, express AChE widely throughout
development, and no BChE gene or activity has been detected
(Bertrand et al., 2001; Hanneman and Westerfield, 1989).
Moreover, a missense mutation in the zebrafish ache gene,
achesb55, was identified that abolishes acetylcholine hydro-
lysis but leaves the neuritogenic carboxy-terminal exon intact
(Behra et al., 2002). achesb55 mutants demonstrate a progres-
sive motility defect and severe reductions were observed in
formation of muscle acetylcholine receptor clusters. achesb55
mutant embryos were also reported to have defects in muscle
fiber development and primary sensory neuron survival and
dendritic growth. These defects were collectively interpreted
to support non-classical roles of AChE (Behra et al., 2002).
Here, we use molecular-genetic mapping and candidate-
guided gene identification to show that zim encodes the
zebrafish AChE gene, ache. We hereafter referred to zim as
zim(ache). One zim(ache) allele encodes an early stop codon
to truncate the protein in the amino-terminal region, in
consequence deleting both the catalytic and the neuritogenic
carboxy-terminal domain. In contrast to the results obtained
by Behra et al., we show that mutant embryos harboring this
zim(ache) allele or a catalytic activity-deficient zim(ache)
allele, exhibit normal axial muscle fiber formation and
primary sensory neuron survival and dendritic growth.
Moreover, muscle acetylcholine receptors initially develop
normally in zim(ache) mutants but become progressively
reduced in size and number, consistent with a role for AChE
in synapse stability.Materials and methods
Fish maintenance and breeding
Zebrafish were raised and maintained as described by
Mullins et al. (1994). Embryos were staged as described inKimmel et al. (1995). All experiments were performed
with both the zimtm205(ache) and zimtf222a(ache) alleles.
The zimtm205(ache) allele was maintained in a Tuebingen/
TL hybrid genetic background, and the zimtf222a(ache)
allele was kept on a Tuebingen or Tuebingen/WIK hybrid
genetic background. All images shown in the figures are
from the zimtm205(ache) allele although no phenotypic
difference between the two alleles was observed.
Microscopy of live or stained embryos
Embryo responses to touch with a tungsten needle
were recorded with a high-speed digital camera (Red-
Lake) attached to a dissecting microscope. Each response
was recorded at a rate of 125 frames/s for 27-h post-
fertilization (hpf) embryos and 400 frames/s for 48 hpf
embryos and images were acquired using the RedLake
MiDAS program. To acquire images of stained embryos,
a compound microscope (Zeiss) attached to a digital
camera (Kontron) or an inverted confocal microscope
(Zeiss) was used. All captured images of live or stained
embryos were processed, including combining focal
planes or optical sections, using Adobe Photoshop and
Adobe Illustrator.
Carbachol application
Embryos were equilibrated in Ringer’s solution and then
transferred into various concentrations of carbachol (Sigma)
in Ringer’s solution. Although carbachol is able to penetrate
the skin, the tip of the embryos’ tail was removed to
facilitate rapid uptake of the drug and the locomotive
response was observed.
Chromosomal mapping and cDNA cloning
Crosses between Tuebingen strain fish carrying the
zimtf222a(ache) allele and polymorphic WIK fish were used
to generate a three-generation map cross. The mapping
procedure and the WIK line were described previously
(Knapik et al., 1996; Rauch et al., 1997). F2 zim
tf222a(ache)
mutant embryos and wild-type siblings were collected,
sorted based on the motility phenotype and stored in
methanol at 20jC. For bulk segregant analysis, DNA
was extracted from pools of 25 mutant and 25 wild-type
embryos as described in Gates et al. (1999) and analyzed
using a variety of SSLP markers, including z4706 and
z13253. To determine the zim(ache) linkage interval, the
SSLP marker z13253 was used with DNA from 40 individ-
ual F2 wild-type and 40 individual F2 mutant embryos from
zimtf222a(ache) mapping cross lines.
To clone acetylcholinesterase cDNA from each allele of
zim(ache), RNA was extracted from 48 hpf wild-type and
mutant embryos and used for RT-PCR. The AccessQuick
RT-PCR system (Promega) was used with gene-specific
primers to reverse transcribe and amplify AChE cDNA in
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pCR2.1 vector (Invitrogen), sequenced at core sequencing
facilities, and analyzed using MacVector 7.1.
Whole-mount histochemistry
Antibody staining was performed as previously de-
scribed (Zeller and Granato, 1999) using the following
primary antibodies and concentrations: znp-1 (1:200; (Tre-
varrow et al., 1990), h-dystroglycan (Parsons et al., 2002),
F59 (Crow and Stockdale, 1986; Devoto et al., 1996),
acetylated tubulin (Piperno and Fuller, 1985), and zn5
(Trevarrow et al., 1990). Znp1 antibody staining was
coupled with a-bungarotoxin labeling. To double stain
with znp1 and a-bungarotoxin, embryos were fixed in
4% paraformaldehyde for 4 h then washed three times,
10 min each with PBS. The embryos were then incubated
in a freshly made solution of 0.1% collagenase (Sigma) for
various lengths of time depending on the age of the
embryos. The collagenase-treated embryos were washed
three times, 5 min each with PBS and incubated for 30
min in 10 Ag/ml a-bungarotoxin conjugated to Alexa 594
(Molecular Probes) in NCS-PBST (PBST plus 10% heat-
inactivated newborn calf serum, 1% DMSO). The embryos
were then washed three times, 5 min each with NCS-PBST
and incubated overnight at 4jC in znp1 antibody diluted in
NCS-PBST. To visualize bound antibody, the embryos
were washed three times, 10 min each in NCS-PBST,
incubated in a 1:500 dilution of an anti-mouse secondary
antibody conjugated to Alexa 488 (Molecular Probes),
washed in PBST and mounted in Vectashield.
To detect acetylcholinesterase activity, the Karnovsky
and Roots method adapted for zebrafish was used (Ber-
trand et al., 2001; Karnovsky and Roots, 1964). Briefly,
fixed embryos were incubated overnight in a 60-mM
sodium acetate pH = 6.4, 5 mM sodium citrate, 4.7 mM
cupric sulfate, 0.5 mM potassium ferricyanide, and 1.7
mM acetylthiocholine iodide solution shielded from the
light. The stained embryos were washed extensively,
dehydrated through a methanol series, equilibrated in 2:1
benzylbenzoate/benzylalcohol solution and mounted in a
10:1 Canada balsam/methyl salicylate mixture.
TUNEL assay
Embryos were fixed overnight at 4jC in 4% paraformal-
dehyde, washed in PBS and dehydrated through a methanol
series. After dehydrating, the embryos were washed in PBST,Fig. 1. zim(ache) mutant embryos demonstrate a progressive motility defect. Sele
mutant embryos response to touch with a tungsten needle. The time in millisecon
touch with a tail flip away from the touch stimulus (A1–A5) followed by a tail flip
responds to touch with a less-coordinated tail flip away from the touch stimulus (
B12). (C) A 48-hpf wild-type embryo responds to touch with a rapid C-like ben
stimulus (C6–C12). (D) A 48-hpf zim(ache) mutant embryo responds to touch w
extended time (D8–D12) and does not swim away from the touch stimulus.treated with 10 Ag/ml proteinase K in PBS for 10 min then
fixed again in 4% paraformaldehyde for 20 min. Apoptotic
cells were labeled using an Apoptag Peroxidase detection kit
(Chemicon) by incubating the embryos in equilibration
buffer for 1 h and then a working stock of TdT at 37jC for
2 h. To terminate the labeling reaction, stained embryos were
incubated in stop buffer twice for 10 min each. To visualize
labeled cells, the embryos were incubated for 1 h in NCS-
PBST, then a 1:5000 dilution of an anti-digoxigenin antibody
conjugated to alkaline phosphatase (Roche) and developed
according to standard procedures.
Quantification of Rohon-Beard dendrites and cell death
To quantify Rohon-Beard cell death, TUNEL-positive
cells in the dorsal spinal cord were counted in the posterior
trunk overlaying and caudal to the yolk extension. Quan-
tification of Rohon-Beard dendrites was performed by
staining with the acetylated tubulin antibody and visualiz-
ing bound antibody using a horseradish peroxidase-conju-
gated antibody as described previously (Zeller and Granato,
1999). In each stained and mounted embryo, a field
encompassing approximately five somites at the caudal
end of the yolk extension was photographed in multiple
focal planes to follow the dendritic projections on one side
of the embryo. These pictures were compiled in Adobe
Photoshop, a line was drawn at the level of the horizontal
myoseptum and boundary with the yolk extension, and
each dendrite observed to cross each line was counted.
Rohon-Beard quantification was performed with nearly an
equal number of zimtm205(ache) and zimtf222a (ache) mutant
embryos.Results
Zieharmonika/ache mutants display a progressive motility
defect
Two independent alleles of zieharmonika (zim),
zimtm205(ache) and zimtf222a(ache), were isolated in a
previous genetic screen for abnormal locomotive behavior
(Granato et al., 1996). zim(ache) homozygous mutant
embryos display abnormal motility behaviors that can first
be distinguished from wild-type embryos at around 25
h post-fertilization (hpf). At this time point, wild-type
embryos responded to touch with smooth, coil-like tail
flips (Fig. 1A). In contrast, zim(ache) mutant embryoscted frames from high-speed video recordings of wild-type and zim(ache)
ds is indicated in each frame. (A) A 27-hpf wild-type embryo responds to
in the opposite direction (A6–A12). (B) A 27-hpf zim(ache)mutant embryo
B1–B5) followed by a slow, small tail flip in the alternate direction (B6–
d (C1–C5) followed by alternating tail flips to swim away from the touch
ith a slower C-like bend (D1–D7), however, it holds a bent position for an
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tail flips (Fig. 1B). Furthermore, while wild-type embryos
reacted to repeated touch stimuli with continued alternat-
ing, left and right tail flips, zim(ache) mutant embryos
responded with prolonged, uncoordinated muscle contrac-
tions in which the embryo compressed along the rostral–
caudal axis in an accordion-like fashion before slowly
extending back to full length (data not shown). This
behavior originally inspired the name zieharmonika (Ger-
man for accordion) and classifies zim(ache) with other
motility mutants that demonstrate similar characteristic
‘accordion’ group behavior (Granato et al., 1996).
Mutant larvae continued to exhibit abnormal locomotive
behavior that culminated in paralysis at 72 hpf. At 48 hpf,
wild-type larvae react to touch with an escape response,
which consisted of a rapid C-like bend away from the touch
stimulus followed by alternating tail flips to swim away
(Eaton et al., 1977). In contrast, zim(ache) mutant larvae
performed a slower C-like bend (compare Figs. 1C-4 to 1D-
4), which is held for an extended time (Fig. 1D). zim(ache)
mutants failed to swim away from the touch stimuli and
instead slowly relaxed back to an extended position. From 48
hpf to 3 dpf, wild-type larvae performed increasingly faster
escape responses, while zim(ache) mutants responded with
gradually smaller movements until no response could be
evoked. Both zim alleles demonstrated similar phenotypic
strength, and homozygous mutants exhibited severe cardiac
edema at 120 hpf and die by 144 hpf (Supplementary Fig. 1).
To investigate whether muscle defects underlie zim(ache)
motility behavior, we applied a simple test to examine
muscle function. Wild-type and zim(ache) mutant embryos
were exposed to the acetylcholine receptor agonist carba-
chol at either 27 or 72 hpf and the motility response was
observed (Table 1). At both stages, all wild-type embryos
exhibited robust axial muscle tremors and contractions in
response to carbachol application, presumably through
global activation of acetylcholine receptors at neuromuscu-
lar synapses (Westerfield et al., 1990). At 27 hpf, zim(ache)
mutants responded to carbachol application similar to wild-
type embryos. However, corresponding to the absence of
motility, at 72 hpf no response to carbachol was observedTable 1
Wild-type and zim(ache) mutant embryo motility in 50 mM carbachol
application
27 hpf 72 hpf
Carbachol +Carbachol Carbachol +Carbachol
wild-type 10/10 10/10 10/10 10/10
100% 100% 100% 100%
zim(ache) 10/10 10/10 0/8 0/9
100% 100% 0% 0%
Note. Wild-type and zim(ache) mutant embryos were incubated in Ringer’s
solution with or without carbachol. Groups one or two embryos were
observed for motility for a 3-min period immediately following Ringer’s
plus or minus carbachol application. The data are the number of embryos
observed to move/the total number of embryos assayed and the resultant
percentages are shown below.(Table 1). These results indicated that mutant embryos
contain a defect at the level or downstream of the acetyl-
choline receptor, and therefore suggested a critical role for
the zim(ache) gene in neuromuscular synapse development
and/or function.
The zim(ache) gene encodes AChE
To identify the molecular nature of zim(ache), we first
mapped the zimtf222a(ache) allele using a three-generation
map cross panel. Genomic DNA from pooled and individual
wild-type and homozygous mutant embryos was screened
with a panel of simple sequence length polymorphism
(SSLP) markers. We found that the zimtf222a(ache) mutation
maps on linkage group 7, within a 2.1-cM interval of marker
z13253 (1 recombination in 48 meioses, Fig. 2A). Database
analysis of candidate genes within this region revealed that
the gene that encodes AChE, ache, also maps to this vicinity
(Bertrand et al., 2001). AChE plays a crucial role in
terminating acetylcholine activity at neuromuscular synap-
ses (Massoulie et al., 1993) and previous work describes a
mutation in zebrafish, achesb55, that results in a progressive
motility defect similar to zim(ache) mutants (Behra et al.,
2002).
Since ache was such a strong candidate gene for the
zim(ache) locus, we cloned and sequenced ache transcripts
from mutant embryos from both zim(ache) alleles and
compared the sequence to wild-type ache transcripts. The
zimtm205(ache) allele contains a single point mutation that
substitutes a premature stop codon for Tyr139 to truncate
AChE upstream of all of the residues that compose the
acetylcholine-binding active site and the carboxy-terminal
exon essential for neurite growth (Figs. 2B, C). The
zimtf222a(ache) allele contains a single missense mutation
that substitutes Gly198 with an Arg residue (Figs. 2B, C).
Gly198 is 100% conserved among vertebrates, indicating
that this residue is critical for AChE function. Gly198 is
adjacent to Ser200, one of three amino acids that constitute
the well-described catalytic triad active site (Massoulie et
al., 1993). The zimtf222a(ache) mutation substitutes the
small, nonpolar side chain of Gly with the large basic
side chain of Arg. A substitution of this nature is predicted
to interfere with acetylcholine binding at the active site and
abolish AChE catalytic activity.
To further support our finding that the zim(ache) alleles
inactivate AChE, we performed Karnovsky staining to detect
AChE catalytic activity in whole-mount embryos (Bertrand
et al., 2001; Karnovsky and Roots, 1964). Wild-type sibling
embryos demonstrated robust catalytic activity within the
spinal cord and somites (Fig 2D). In contrast, no AChE
activity was detected in either allele of zim(ache) (Fig. 2E).
Taken together, the map position of the zim(ache) locus, the
lack of AChE activity in zim(ache) mutant embryos, the
identification of mutations in both alleles of zim(ache), and
the presence of a non-sense mutation in the zimtm205(ache)
allele, demonstrate that the zim(ache) gene encodes AChE.
Fig. 2. zim(ache) encodes AChE. (A) Map position of ache gene and the zim(ache) mutations on linkage group 7. A portion of linkage group 7 is shown and
meiotic map markers are indicated to the left and mapped genes are depicted to the right. (B) Chromatogram sequence traces show the zim(ache) mutations in
AChE. Wild-type sequences are shown at left with the nucleic acid sequence and the corresponding amino acid sequence. At right, the sequences from
zim(ache) mutant embryos show the single base-pair substitutions (asterisks) and the corresponding amino acid sequence changes (red). (C) Schematic diagram
of the AChE protein illustrating the location of the zim(ache) mutations. The residues of the catalytic triad are indicated (white circles) as are the aromatic
residues (arrowheads) that line the catalytic gorge. (D, E) Twenty-seven hpf wild-type and mutant embryos stained using the Karnovsky method to detect
AChE activity. Lateral views are shown with dorsal up and rostral to the left in this and in all other figures unless otherwise indicated. (D) In wild-type
embryos, staining can be seen along the middle of each somite (arrowheads), along the somite boundary (asterisks) and in spinal cord neurons (arrows). (E) In
contrast, 27 hpf zim(ache) embryos stained with the Karnovsky method are completely devoid of AChE activity. The somite boundaries are indicated
(asterisks). Scale bar = 20 Am (D, E).
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mutants
AChE has been shown to enhance neurite outgrowth
through overexpression assays in several in vitro systems
(Grisaru et al., 1999). Wild-type zebrafish embryos ex-
hibit robust AChE activity in the hindbrain before and
during neurite outgrowth (Fig. 3A and Bertrand et al.,
2001; Hanneman and Westerfield, 1989). To assess the
neuritogenic role of AChE through loss of function, we
examined the pattern of axonal projections in the hind-
brain of zimtm205(ache) mutant embryos, which lack both
the catalytic and neuritogenic domains of AChE and are
devoid of AChE activity (Fig. 3B). Staining with theacetylated tubulin antibody revealed a parallel arrange-
ment of axon tracts and a ladder-like array of commis-
sures in the hindbrain of 27-hpf embryos. No differences
between wild-type and zimtm205(ache) mutant embryos
were detected (Figs. 3C, D). The acetylated tubulin
antibody and two additional antibodies that label subsets
of hindbrain axon tracts, zn5 and 3A10, were also used
to assess hindbrain development at 48 hpf, and no
differences were observed between wild-type and
zimtm205(ache) mutant larvae at this time point (data not
shown). Although we cannot exclude the presence of
subtle defects in zim(ache) mutants, our analysis suggests
that AChE does not play a major role in generating the
axonal scaffold of the developing zebrafish hindbrain.
Table 2
Rohon-Beard cell death and dendritic projections in 27 hpf wild-type and
zim(ache) embryos
TUNEL-
positive
Dendrites at
horizontal
myoseptum
Dendrites at
yolk extension
wild-type 18.7 F 9.5
(0.85)
13.6 F 2.3 9.4 F 1.9
zim(ache) 16.6 F 5.9
(0.75)
14.1 F 1.5 8.7 F 2.0
Note. TUNEL-labeled neurons were counted in the posterior trunk
overlying and caudal to the yolk extension, a region of roughly 22 somites
that contains most of the spinal cord. Rohon-Beard neurons occupy a
characteristic dorsolateral position within spinal cord therefore only dorsal
neurons were counted (Figs. 4A, B). Since cell specific markers were not
used, these counts may include a small number of other TUNEL-positive
dorsal spinal neurons. Rohon-Beard dendrites were stained with an
acetylated tubulin antibody that labels larger dendritic processes and
quantified within a field of fixed size located over the caudal end of the yolk
extension. This field encompasses approximately five somites and is similar
to the fields shown in Figs. 4C, D. Dendrites were quantified at two dorsal–
ventral positions to indicate dendritic length: the horizontal myoseptum and
the yolk extension (Fig. 4C). The results were obtained from 8 to 10
embryos each and the data are the mean F standard deviation. The number
of TUNEL-positive cells per somite is indicated in parentheses.
Fig. 3. The hindbrain axonal scaffold appears normal in zim(ache) mutant
larvae. Dorsal views of Karnovsky staining in 27 hpf wild-type and
zim(ache) mutant embryos. (A) Wild-type embryos exhibit robust AChE
activity in hindbrain neurons, other portions of the brain and in the heart.
For orientation, the right otic vesicle is indicated (asterisk). (B) zim(ache)
mutant embryos are devoid of AChE activity. (C) In 27-hpf wild-type
embryos, acetylated tubulin labels a variety of axon tracts and commissural
projections within the hindbrain. (D) In 27-hpf zim(ache) mutant embryos,
acetylated tubulin staining was indistinguishable from that in wild-type
embryos. Scale bars = 50 Am (A, B), 20 Am (C, D).
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We next focused on sensory neurons, where AChE has
been proposed to promote neurite growth independent of its
catalytic activity. In the zebrafish, the first sensory neurons to
develop are Rohon-Beard neurons. Rohon-Beard neurons
have large cell bodies, are organized in a stereotyped
dorsolateral row within the spinal cord, and are normally
eliminated by 120 hpf through programmed cell death
(Bernhardt et al., 1990; Svoboda et al., 2001; Williams et
al., 2000). Rohon-Beard neurons express high levels of
AChE before forming synapses and previous studies using
a catalytic inactive mutation, achesb55, provided genetic
evidence that Rohon-Beard neurons require AChE for neu-
rite outgrowth and survival (Behra et al., 2003). To examine
this in mutants lacking catalytic activity and the proposed
neurite outgrowth domain, we analyzed Rohon-Beard de-
velopment and survival in zimtm205(ache) mutant embryos.As previously reported, TUNEL staining of 27-hpf wild-type
embryos revealed a row of apoptotic cells in the dorsal spinal
cord corresponding to Rohon-Beard cells (Cole and Ross,
2001; Svoboda et al., 2001; Williams et al., 2000). We
quantified the number of TUNEL-positive cells and did
not observe any significant difference between wild-type
(n = 10) and both alleles of zim(ache)mutant (n = 9) embryos
(8.5 cells per segment in wild-type compared to 7.5
zim (ache) mutants, Table 2). This rate of cell death in
wild-type embryos is similar to what has been previously
reported (Behra et al., 2002; Cole and Ross, 2001).
To confirm our observations, we examined another
indicator of Rohon-Beard neuron growth and survival,
acetylated tubulin immunoreactivity. Rohon-Beard neurons
extend elaborate dendritic processes along the skin of the
embryo. Uniform acetylated tubulin staining in these pro-
cesses illustrates the extent of process growth, while punc-
tate staining indicates Rohon-Beard cell death (Svoboda et
al., 2001). Wild-type and zim(ache) mutant embryos were
indistinguishable from one another at 27 hpf, with both
exhibiting mostly uniform acetylated tubulin staining (Figs.
4C, D). To analyze the lengths of these processes, we
quantified acetylated tubulin stained Rohon-Beard dendrites
at two positions along the dorsal-ventral axis: the horizontal
myoseptum (shorter) and the yolk extension (longer, Figs.
4C, D). Again, we found that 27 hpf wild-type (n = 8) and
mutant embryos (n = 8) containing either zim(ache) allele
were indistinguishable from one another, with very similar
numbers of shorter and longer dendrites (Table 2).
Finally, we considered the possibility that differences in
Rohon-Beard development might be apparent in zim(ache)
mutants of later stages. Acetylated tubulin staining of 48 hpf
Fig. 4. Rohon-Beard neurons develop normally in the absence of AChE activity. TUNEL staining in 27 hpf (A) wild-type and (B) zim(ache) mutant embryos
reveals a row of apoptotic cells in a dorsal position within the spinal cord, likely Rohon-Beard neurons. (C) An acetylated tubulin antibody stains Rohon-Beard
dendritic arbors in 27-hpf wild-type embryos. The dendrites (arrowheads) project dorsally out from the spinal cord and extend ventrally along the skin. The
dendritic arbors were quantified at the horizontal myoseptum (arrows) and boundary with the yolk extension (asterisks) and the results for wild-type and mutant
embryos are shown in Table 2. (D) In zim(ache) mutant embryos, acetylated tubulin staining illustrates normal dendritic growth (arrowheads). Acetylated
tubulin staining in both 48 hpf (E) wild-type and (F) zim(ache)mutant larvae reveals a dense network of Rohon-Beard dendritic projections. Scale bars = 10 Am
(A, B), 20 Am (C, D), 50 Am (E, F).
G.B. Downes, M. Granato / Developmental Biology 270 (2004) 232–245 239wild-type larvae revealed a network of Rohon-Beard den-
dritic arbors consisting of a mixture of uniform and punctate
immunoreactivity (Svoboda et al., 2001). Age-matched mu-
tant larvae from both zim(ache) alleles contained a compara-
ble network of Rohon-Beard dendritic projections with a
similar mixture of uniform and punctate acetylated tubulin
staining (Fig. 4F; data not shown). Taken together, TUNEL
assay, acetylated tubulin immunoreactivity and analysis of
dendrite length and morphology at various stages indicate
that Rohon-Beard cells develop normally in zim(ache) mu-
tant embryos. From these data, we conclude that AChE is
dispensable for neurite growth and survival of Rohon-Beard
sensory neurons.
AChE is not required for slow-muscle fiber formation
Given that we did not observe the Rohon-Beard sensory
neuron defects reported by Behra et al. (2002), we nextasked whether zim(ache) mutant embryos showed evidence
of a second, non-classical role of AChE in slow-muscle
fiber development also reported by Behra et al. In their
study, it was reported that a lack of AChE catalytic activity
results in strong reduction of slow-muscle-specific immu-
noreactivity at 27 hpf. We used the identical antibody, F59,
to examine the expression and distribution of slow-twitch
muscle myosin. In wild-type embryos, F59 immunoreac-
tivity revealed the well-described parallel arrangement of
slow-muscle fibers and their myofibril organization
(Devoto et al., 1996). We found that 27 hpf mutant
embryos harboring either zim(ache) allele expressed
slow-twitch muscle myosin at levels comparable to wild-
type embryos and that myofibril organization was unaf-
fected (Fig. 5B).
To examine if lack of AChE results in subtle muscle
defects, we examined h-dystroglycan expression, which is
differentially localized along muscle fibers. In 27-hpf wild-
Fig. 5. Slow-muscle fiber formation is normal in zim(ache) mutant embryos. About 27 hpf wild-type (A, C) and zim(ache) mutant (B, D) embryos stained with
antibodies to examine muscle structure. (A) In wild-type embryos, h-dystroglycan is distributed throughout the somite but is concentrated along the somite
boundary. (B) zim(ache) mutants show increased h-dystroglycan staining throughout the somite but exhibit normal expression. (C) Slow twitch muscle fibers
and the myofibril structure inside of the muscle fibers can be observed in wild-type embryos stained with the F59 antibody. (D) In zim(ache) mutant embryos,
F59 staining appears normal. In less than 5% of the muscle fibers, irregularities in myofibril structure are observed (arrowheads). Scale bars = 20 Am (A–D).
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muscle fibers but is enriched at the ends of muscle fibers
where they are attached to the transverse myosepta (Par-
sons et al., 2002). No significant difference in staining
pattern or intensity was apparent in mutant embryos of
either zim(ache) allele (Fig. 5D). Thus, in contrast to the
results obtained by Behra et al. (2002), analysis of two
mutant zim(ache) alleles failed to confirm the previously
reported role for AChE in slow-muscle fiber development.
AChE is essential for neuromuscular synapse integrity
Since AChE is known to play a crucial role in termi-
nating neuromuscular synaptic activity and both muscle
and motor neurons express AChE (Massoulie et al., 1993),
we analyzed the development of these synapses in mutant
embryos from both zim(ache) alleles. Pre-synaptic primary
motor neuron projections were examined using the anti-
body znp-1. At 27 hpf, a single rostral, middle and caudal
primary (RoP, MiP, and CaP) motor neuron have projected
their axons out from the spinal cord to innervate middle,
dorsal, and ventral domains of each somite, respectively
(Fig. 6A and Eisen et al., 1986; Myers et al., 1986;
Westerfield et al., 1986). We did not detect any differences
between the growth or trajectories of these neurons in
zim(ache) mutants compared to wild-type embryos (Figs.
6B, E). Simultaneously, the distribution of the post-synap-
tic acetylcholine receptors on the muscle surface was
observed using labeled a-bungarotoxin. In wild-type em-
bryos, acetylcholine receptors were organized along thesomite boundary and as discrete clusters directly beneath
motor trajectories (Figs. 6C, D and Liu and Westerfield,
1992). In zim(ache) mutant embryos, the size of these
receptor clusters appeared similar to those in wild-type
embryos (Figs. 6F, G).
However, over the next few days, clustered acetylcho-
line receptors in zim(ache) mutant embryos became smaller
and fewer compared to wild type. In 72 hpf wild-type
larvae, a complex array of motor neuron projections with
associated acetylcholine receptor clusters are detectable
throughout the medial and lateral aspects of each somite
(Fig. 6A). The motor projections in 72 hpf wild-type and
zim(ache) mutant larvae appeared similar to one another
(Figs. 6H, K). In contrast, acetylcholine receptor clusters in
zim(ache) mutants were greatly reduced in size, density,
and number, while the overall muscle structure appeared
unaffected (Figs. 6I, J, L, M; data not shown). Since
acetylcholine receptors are required for neuromuscular
synapse transmission, loss of receptor clusters likely
explains the paralysis and lack of response to carbachol
we observed at 72 hpf. In sum, the motor projections in
zim(ache) mutant embryos appeared largely normal at each
time point examined, demonstrating that AChE is not
required for motor axon growth. In contrast, acetylcholine
receptor clusters in zim(ache) mutant embryos appeared
similar to wild-type at 27 hpf, but became progressively
fewer and less dense through development, indicating that
existing clusters were not maintained and/or that new
receptor clusters were not added. These results provide
direct genetic evidence that AChE is not an obligate
Fig. 6. AChE is essential for neuromuscular synapse stability. (A) Schematic depicting the development of axial muscle motor projections. At left, a lateral
view shows the motor projections within each somite at 27, 48, and 72 hpf. The primary and secondary motor neurons (larger and smaller green ovals,
respectively), motor neuron axons (green lines), and mid-somite acetylcholine receptor clusters (red circles) are shown at different time points in development.
The acetylcholine receptors that are concentrated at the somite boundaries are not shown. At right, a cross-section at 48 hpf illustrates the medial to lateral
trajectory of motor axons. (B–M) The znp1 antibody and a-bungarotoxin label motor projections and acetylcholine receptor clusters, respectively, in wild-type
(B–D, H–J) and zim(ache) mutant (E–G, K–M) embryos. (B) In 27 hpf wild-type embryos, CaP primary motor neuron axons, which project ventrally, are the
most visible. The MiP primary motor neuron axons, which project dorsally, are harder to distinguish due to spinal cord staining. (C) Acetylcholine receptors are
distributed along the somite boundary and in discrete clusters along the middle of each somite (arrowhead). (D) The merged image of znp1 and a-bungarotoxin
staining shows that the mid-somite acetylcholine receptor clusters co-localize with the motor projections as indicated by the yellow color. (E) In 27 hpf
zim(ache) mutant embryos, the motor projections are indistinguishable from those in wild-type embryos. (F) Similarly, a-bungarotoxin staining acetylcholine
receptors are patterned normally and appear similar to wild-type. (G) Merged image of zim(ache) znp1 and a-bungarotoxin staining demonstrates that motor
axons and acetylcholine receptor clusters co-localize normally. (H) In 72 hpf wild-type larvae, znp1 labels a network of primary and secondary motor axons. (I)
a-bungarotoxin stains an array of acetylcholine receptor clusters within somites and along somite boundaries. (J) Merged image of 72 hpf wild-type larvae znp1
and a-bungarotoxin stains reveals extensive co-localization of motor projections and acetylcholine receptor clusters. (K) In 72 hpf zim(ache) mutant larvae, the
motor axon projections appear normal. (L) In contrast, the size and number of acetylcholine receptor clusters stained with a-bungarotoxin in 72 hpf zim(ache)
mutant larvae is greatly reduced compared to wild-type, although receptor clusters are still visible within somites and along the somite boundaries. (M) Merged
image of zim(ache) mutant larvae znp1 and a-bungarotoxin stains indicate that there is co-localization of motor projections and the few, small acetylcholine
receptor clusters. Scale bars = 20 Am (B–G), 50 Am (H–M).
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it is essential for continued acetylcholine receptor cluster-
ing and/or maintenance.Discussion
In this study, we used two different mutant AChE alleles
to determine the roles of AChE in zebrafish. Recently,
Behra et al. (2002) reported on the role of AChE in zebra-
fish development using embryos harboring a missense
mutation at Ser226. This mutation, achesb55, abolishes
catalytic AChE activity, but does not delete the carboxy-
terminus encoding the neuritogenic region. Antisense mor-
pholinos were also used to knock-down AChE expression
and similar results were obtained (Behra et al., 2002). Our
results differ from their work in several respects. Notably,
Behra et al. (2002) reported that lack of AChE activity at 27
hpf resulted in decreased expression of slow-muscle myo-
sin, and that Rohon-Beard primary sensory neurons showed
both a marked reduction in neurite growth and a roughly 2-
fold increase in the number of apoptotic cells. At neuro-
muscular synapses, Behra et al. (2002) observed that lack of
AChE activity at 27 hpf results in barely detectable a-
bungarotoxin staining at the somite boundary and that mid-
somite clusters were reduced in size.
Here, we used two zim(ache) mutant alleles, one con-
tains a missense mutation that abolishes catalytic activity
similar to the achesb55 allele used by Behra et al. (2002)
and a second allele in which AChE is truncated in the
amino-terminal region, and therefore lacks the catalytic
and the neuritogenic domain. Although we used the
identical antibody, we did not observe the reported defects
in slow-muscle myosin expression, nor did we detect
differences in Rohon-Beard cell apoptosis or neurite
growth. At 27-hpf neuromuscular junctions, we observed
a-bungarotoxin staining in zim(ache) mutants similar to
that in wild-type. These key differences in our findings
have allowed us to draw the distinctly different conclusion
that AChE does not play an essential role in slow-muscle
fiber development, Rohon-Beard development, or initial
acetylcholine receptor clustering. Instead, our analysis
reveals the crucial role that AChE plays in maintaining
synaptic stability.
The reason for the discrepancy between our results and
those of Behra et al. (2002) is unclear. The achesb55 and
both zim(ache) mutations are located within the same exon
of the ache gene, therefore, alternative splicing, with
splice-form-specific effects, are unlikely to account for
the differences observed. One possible explanation for
the discrepancy between their results and what we have
observed could be due to differences in the genetic back-
grounds in which the studies were performed. Similar to
observations in mice, mutations in zebrafish can result in
dramatically different phenotypes depending upon the
genetic background (Sanders and Whitlock, 2003). Thestudies conducted by Behra et al. (2002) were performed
on a single, uncharacterized genetic background, ABO. To
control genetic background-dependent phenotypes, we
performed all experiments with both mutant alleles and
in three different genetic background strains: Tuebingen,
Tuebingen/TL hybrid, and Tuebingen/WIK hybrid back-
grounds (see Materials and methods). We did not observe
any allele or strain specific effects. Finally, the specificity
of their reported muscle and Rohon-Beard phenotypes was
not confirmed through rescue experiments (i.e., injection of
mRNA or plasmid encoding wild-type AChE).
‘Non-classical’ roles of AChE
The complex expression of AChE throughout develop-
ment along with several lines of experimental evidence
support the idea that AChE has functions other than
hydrolyzing acetylcholine (Layer, 1990). Foremost among
these proposed non-classical roles is that AChE supports
neurite growth. AChE is expressed in neurons during
periods of axonal growth, it is structurally similar to cell
adhesion proteins, and overexpression in several different
in vitro systems results in enhanced neurite growth (Gri-
saru et al., 1999; Hanneman and Westerfield, 1989; Soreq
and Seidman, 2001). The neuritogenic capability of AChE
is dependent on a carboxy-terminal domain and has been
found to be independent of acetylcholine hydrolyzing
activity (Sternfeld et al., 1998). Nonetheless, it has not
been demonstrated that AChE normally supports neurite
growth in vivo.
In this study, we have examined in vivo neurite growth in
zim(ache) mutants in two cell types that normally express
AChE: motor neurons and Rohon-Beard primary sensory
neurons. We also examined the hindbrain, which is rich in
AChE activity, for overall axonal defects. We did not
observe any alterations in neurite growth in each of these
cell types in mutant embryos of two different zim(ache)
alleles. One of these alleles, zimtm205(ache) allele, encodes a
premature stop codon in the amino terminal region that
results in deletion of the acetylcholine-hydrolyzing domain
and the neuritogenic domain. Thus, hindbrain, motor, and
sensory neurite growth observed in these mutants is unlikely
due to any AChE mediated neuritogenic activity retained by
the zimtm205(ache) allele. The zimtf222a(ache) allele encodes
a missense mutation that disrupts the acetylcholine-hydro-
lyzing domain and it is not clear if the mutant protein is
folded correctly or expressed. The results from our analysis
using both of these alleles indicate that AChE does not
mediate neurite growth in motor and Rohon-Beard neurons
and that its effects are at best subtle within the hindbrain. It
is possible that if AChE exerts neuritogenic activity in vivo,
its absence is compensated for in these cell types by other
genes, or that AChE plays a role in neurite outgrowth
elsewhere in the nervous system.
AChE has also been proposed to function in heart
morphogenesis. AChE activity is detected in embryonic
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1987, 1990; Nakamura et al., 1994). Though its role in the
embryonic heart is unclear, AChE has been proposed to
regulate an embryonic impulse conduction system or play a
morphogenic role (Franco et al., 1997; Lamers et al., 1987).
We and others have observed that zebrafish embryos dem-
onstrate robust AChE activity in the heart at a time before
heart innervation occurs (Bertrand et al., 2001). At 120 hpf,
zim(ache) mutants exhibit severe cardiac edema (Supple-
mentary Fig. 1). While cardiac edema can result from
defects in a diverse array of organ systems, it is possible
that the edema present in zim(ache) mutants is caused by
cardiovascular defects. Other zebrafish motility mutants that
have muscle defects do not exhibit edema, hence axial
muscle defects do not necessarily result in edema. Although
preliminary studies indicate that heart morphogenesis and
heart beat rates are normal in zim(ache) mutants (M. G. and
G.B.D., unpublished observations), additional experiments
are required to further explore the role of AChE in heart
function.
AChE at neuromuscular synapses
AChE has been demonstrated to regulate cholinergic
activity at neuromuscular synapses mostly in adult systems
using pharmacological approaches, but its role in neuromus-
cular synapse development is less well defined. AChE- and
ColQ-deficient mice have been generated to investigate the
role of AChE through neuromuscular synapse development.
Mice lacking AChE only show a mild phenotype, likely due
to compensation by its homolog BChE (Duysen et al., 2002;
Xie et al., 2000). Mice deficient in ColQ, the structural
subunit that tethers both AChE and BChE to neuromuscular
synapses, show defects in synapse maintenance (Feng et al.,
1999). However, it has not been established if these defects
are due to absence of AChE or other components that might
require ColQ function. In this study, we provide direct
genetic evidence that AChE activity is not required for initial
synapse assembly, but it is essential for acetylcholine recep-
tor cluster maintenance and integrity.
The zim(ache) mutant motility defects observed at dif-
ferent stages of development could be explained by the
absence of AChE activity solely at neuromuscular synapses.
Wild-type embryos exhibit spontaneous movement at ap-
proximately 17 hpf and begin to respond to touch at 21 hpf
(Saint-Amant and Drapeau, 1998). These behaviors are
normal in zim(ache) mutants, demonstrating that AChE
activity is not required at early stages. It is possible that
during this phase of development, less acetylcholine is
released into the synaptic cleft or that synapses are smaller
so that excess acetylcholine clears by diffusion. At 25 hpf,
zim(ache) mutants can be distinguished from their wild-type
siblings based upon abnormal accordion behavior. Mutant
embryos are less coordinated and demonstrate simultaneous
left and right muscle contractions, the accordion behavior,
upon repeated touch stimuli (Fig. 1B, data not shown). Theemergence of such a motility phenotype is likely a result of
excessive acetylcholine present in the synaptic cleft due to
the absence of AChE activity. Excess acetylcholine at
neuromuscular synapses is predicted to prolong acetylcho-
line receptor activation and cause desensitization, thereby
disrupting the critical timing of coordinated muscle activity.
The progressive decrease in neuromuscular acetylcholine
receptor clusters observed in 48 and 72 hpf zim(ache)mutant
embryos can account for the decrease in motility and eventual
paralysis observed at these stages. Although lack of AChE
activity at neuromuscular synapses can explain the motility
defects in zim(ache) mutant embryos, it will be interesting to
test this hypothesis directly, since AChE is expressed
throughout the nervous system. The output from motor
neurons could be examined using electrophysiological re-
cording techniques to determine whether the central nervous
system is functioning normally in mutant embryos.
Results from other systems suggest that the loss of
acetylcholine receptor clusters observed in zim(ache) mutant
larvae may be due to local degeneration of synaptic regions.
Pharmacological application of AChE inhibitors in rats
caused muscle degeneration in synaptic regions and acetyl-
choline receptor loss (Laskowski et al., 1977). It is thought
that this damage is caused by calcium overloading within
muscle fibers due to excess acetylcholine receptor activation
(Leonard and Salpeter, 1979). Acetylcholine receptor loss
was also noted in mice lacking ColQ. In these mice,
inactivation of ColQ resulted in lack of cholinesterase
activity at neuromuscular synapses, focal muscle degenera-
tion, and smaller acetylcholine receptor clusters than controls
(Xie et al., 2000). Likewise, humans with congenital end-
plate AChE deficiency syndrome have mutations in the ColQ
gene, lack cholinesterase activity at the neuromuscular
synapses, and demonstrate focal muscle degradation and
loss of acetylcholine receptors (Engel et al., 2003). Similarly,
in zim(ache) embryos, acetylcholine receptor clusters were
reduced in number and size, although overall muscle fiber
organization and structure appears unaffected (data not
shown). We noticed, however, that 27 hpf mutant muscle
fibers occasionally displayed very local irregularities in
myofibril organization, which may represent a sign of focal
muscle degeneration (<5%, Fig. 5). It will be of interest to
determine if these irregularities indeed correspond to regions
of degeneration and if these degenerations progress over
time, eventually leading to the loss of clustered acetylcholine
receptors observed at 72 hpf.Acknowledgments
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